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Previous studies have shown that it is possible to interfere with the intra- 
cellular growth of psittacosis virus (6BC)  in tissue cultures by the addition 
of analogues of certain metabolites  (1-3).  These earlier investigations have 
established  the  importance of pteroylglutamic acid  (1),  citrovomm factor 
(folinic acid) (1), adenine (2), guanine (2), and uracil (3) for the propagation 
of the virus with special relationship to the synthesis of virus nucleoproteln. 
Since the formation of viral nucleoprotein within the cell would also be de- 
pendent  on  metabolic reactions involving constituent amino  acids  and  an 
energy supply probably requiring the activity of enzymes for which certain 
vitamins are essential,  certain of these aspects of cellular metabolism were 
investigated by the use of the appropriate antimetabolites. A number of other 
substances that affect other cellular  functions were also  examined for their 
possible influence on growth of psittacosis  virus (6BC). 
Results of the experiments to be described indicate that it is possible  to 
inhibit the propagation of psittacosis  virus (6BC) in cultures of chick embryo 
tissues  by interfering with a number of metabolic functions of the cell under 
conditions which give no evidence of irreversible  toxic consequences  for the 
host cell. 
Materials  and Methods 
Viru~.--The egg-adapted strain of psittacosis virus (6BC)  was used as described  in the 
preceding studies (1). 
Corapounds.--The various vitamin analogues used were: salicyl-/~-alanide, pantoyl sulfa- 
nilamide, and oxythiamine (The National Drug Co.); desoxypyridoxine, desthiobiotin, pyri- 
dine-3-sulfonic  acid, and 3-acetylpyridine (Nutritional Biochemicals  Corp.); and 6,7-diethyl- 
riboflavin (Dr. John P. Lambooy). 
* This investigation was  supported  by a  research  grant from  the  National Institutes 
of Health, Public Health Service,  and by a  contract among the Office of Naval Research, 
Department  of  the  Navy,  and  The  University of  Rochester,  NR  135-091. 
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The  amino  acid  analogues  investigated  were:  0-2-thienylalanine  and  ethionine  (Nu- 
tritional  Biochemicals Corp.) and 6-methyltryptophane  (Chas. Pfizer & Co.). 
The  miscellaneous compounds  tested  were:  sodium  monofluoroacetate,  sodium  malo- 
hate, and colchicine (Parke, Davis & Co.). 
All of these were prepared as aqueous solutions and sterilized by filtration or with steam 
under pressure, depending on their heat stability. 
Tissue C~dt~res.--Cultures of minced chick embryo tissues were prepared in Erlenmeyer 
flasks, using a cellophane disc as a support  with a nutrient solution composed of Hanks's 
balanced  salt  solution  (4)  and ox serum ultrafiltrate  (Microbiological Associates, Inc.) as 
described in the companion study (1). After addition  of the virus inocnium to the cultures, 
they were incubated  for 24 hours  and the nutrient fluids then removed, pooled for titra- 
tion of virus, and replaced with  fresh  nutrient  solution.  The nutrient  fluids were  subse- 
quently removed at 4-day intervals  and their  content of virus  (LD~)  determined  individ- 
ually by the egg titration method (5). The test substances were introduced into the nutrient 
fluid and  their  effects on subsequent  viral  growth  noted. 
Toxicity tests were carried out on each compound tested,  using chick embryo heart tis- 
sue cultures, as previously described (1). 
EXI~ERrMENTAL 
Inhibition  of  Viral Growth by  Amino  Acid  Analoguss.--Analogues  of  the 
amino  acids  phenylalanine,  methionine,  and  tryptophane  produced  marked 
suppression  of viral  multiplication  (Table  I). 
Following removal of the analogues, virus reappeared in the culture fluids in con- 
siderable  quantity,  indicating that the host cells  had suffered no irreversible  toxic 
damage as a result of the presence of the analogues. Furthermore, at these concentra- 
tions, these amino acid antagonists exhibited no readily observable toxic effects  for 
chick embryo heart tissue.  The specificity of action of O-2-thienylalanine and ethi- 
ouine was demonstrated by the considerable reversal of their inhibitory action by the 
addition of the corresponding amino acids (Figs.  I and 2). 
Interference with  the  metabolism  of phenylalanine,  methionine,  and  tryp- 
tophane by the appropriate analogues resulted in a decrease in the intracellular 
multiplication  of psittacosis  virus  (SBC). 
Effects  of  Vitamin  Analogues  on  Virus  Growtk.--Considerable  differences 
were  observed  in  the  influence  of a  number  of vitamin  analogues  on  viral 
multiplication  (Table II). 
The pantothenic acid analogue, salicyl-/3-alauide  (0.5 mg./ml.) had some suppres- 
sive action on viral growth without any evidence of host cell  toxicity. While 6,7- 
diethylriboflavin inhibited multiplication of virus to a significant degree in concentra- 
tions of 0.01 to 0.05 mg./ml., it also suppressed somewhat the growth of fibroblasts 
from the heart explants even at the lower concentration without, however, any effect 
on contractility. Since histological examination of material from these tissue cultures 
reveals that psittacosis virus grows in fibroblasts, suppression of their growth would 
result in lower virus yield in surrounding fluids. With desoxypyridoxine at 0.5 mg./ml. 
a definite inhibition of viral proliferation was obtained with evidence of toxicity for 
host cells, while the concentration of 0.1 mg./ml., although well tolerated by the host 
tissue,  produced only minor inhibition of viral growth. Inhibitory effects were ob- HERBERT  R. MORGAN  453 
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TABLE I 
Effect of Certain Amino Acid Analogues on Proli/eration of Psi~os~ Virus (6BC) 
Amino acid analogue 
~-2-Thienylalanine 
Control 
Ethionine 
Control 
6-Methyltryptophane 
Control 
Concen. 
tration 
ms./m/. 
0.5 
0.1 
0.0 
0.5 
0.1 
0.0 
0.5 
0.1 
0.0 
Before 
3.0 
3.0 
3.0 
2.6 
3.7 
2.9 
1.8 
0.7 
0.5 
Virus titers" 
~lo~e~a~e  ~r 
1.6  1.4  2.5 
2.6  2.6  3.2 
3.2  4.7  4.8 
0.S  0.3  1.9 
3.0  0.5  2.2 
4.5  3.5  2.6 
2.7  0.7  2.2 
0.5  0.6  1.7 
2.3  3.2  2.1 
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tion$ 
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* Virus  titers  expressed  as logarithms  before addition  of analogue; in its presence for 
two periods; and after its removal. 
Contractility  of  heart  muscle  fragments  expressed  as  degrees  of  activity: 0,  none; 
++++,  very active. 
§ Growth of cells at periphery of heart muscle fragment: 0, none; -}--~nu-{  -, many ceils. 454  PSITTACOSIS  VIRUS  GROWTH.  IV 
served with oxythiamine at concentrations of 0.1 and 0.5 mg./ml., but at both levels 
this analogue interfered with the contractility of the heart muscle fragments without, 
however, affecting their capacity to grow. Specificity of the action of oxythiamine was 
demomtrated by the reversal of its inhibitory action by the addition of an equal 
quantity of thiamine hydrochloride. 
In other experiments, the analogues of nicotinic acid, 3-acetylpyridine  and pyridine- 
3-sulfonic acid; the pantothenic acid analogue,  pantoyl sulfanilamide;  and desthio- 
biotin had no effect on viral growth at concentrations tolerated by the host tissues. 
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Fro. 2. Inhibitory effect  of ethionine on proliferation of psittacosis virus (6BC) and it 
reversal by methionlne. 
These  results  suggest  that  the  metabolic  functions  of  pantothenic  acid, 
riboflavin, pyridoxine, and thiamine can be interfered with by use of appro- 
priate  concentrations of certain of their  analogues  in  such  a  manner  as  to 
suppress  the  intracellular  growth  of  psittacosis  virus  (6BC)  without  any 
lethal or permanent toxic effects on the host cells.  However, most of these 
analogues were effective inhibitors of viral proliferation only at concentrations 
which manifested some toxic action on the host cells. 
Miscellaneous  Substances  and  Viral Proliferation.--Several  other  chemical 
compounds were examined for their possible influence on the multiplication 
of psittacosis virus. 
Since the synthesis of viral constituents during viral growth will depend on the 
energy mechanisms of the host cell, sodium malonate and sodium monofluoroacetate, 
which interfere with cellular metabolism,  were added to infected tissue cultures and 
their effects on viral growth observed (Table III). HERBERT  R.  MORGAN  455 
Sodium malonate at concentrations producing no detectable toxic effects on the 
host cells produced a  marked inhibition of viral proliferation during the first 4-day 
period of application, but there was evidence of some escape from this inhibitory ef- 
fect during the second 4-clay period. Sodium monofluoroacetate (0.1 mg./mL) had no 
TABLE H 
Multipllcation  of PsitIacosis  Viru~  (6BC)  in  Tissue  Cultures after  Addilion  of  Vilamin 
Analogues 
Vitamin ~mMo~e 
Salicyl-j~-alanide 
Control 
6,7-Diethylriboflavin 
Control 
Desoxypyridoxine 
Control 
Oxythiamine 
Control 
Concentration 
Virus tlters*  Tissue tox/city 
AI~-  AI~°  Before  logue  logue!  After 
mg./~. 
0.5  2.6  2.4  2.1  3.4 
0.0  2.9  4.4  4.2  3.2 
0.05  2.5  1.6  0.4  2.2 
0.~5  1.7  3.0  0.5  2.3 
0.01  1.4  2.2  1.9  2.6 
0.~5  2.4  4.7  5.2  4.2 
0.0  2.4  3.4  5.0  3.7 
0.5  2.1  1.4  0.4  1.6 
0.1  1.5  2.4  2.1  2.5 
0.0  1.8  2.0  3.4  4.0 
0.5  3.4  2.2  0.8  2.0 
0.1  3.7  2.6  1.7  2.4 
0.0  3.1  4.4  4.9  3.8 
~n~cfion$  Growth~ 
+++  +++ 
+++  + 
+++  ++ 
++++  ++ 
++++  +++ 
++  ++ 
+++  +++ 
0  +++ 
++  +++ 
* Virus titers expressed as logarithms. 
$ Contractility of heart  muscle  fragments expressed  as  degrees  of activity: 0,  none; 
++++,  very active. 
§ Growth of cells at periphery of heart muscle fragment: 0, none; ++++,  many cells. 
effect on viral multiplication. The pH of the nutrient fluids on tissue cultures to which 
these two compounds were added changed as rapidly as those of control cultures. 
Since multiplication of host tissue cells was taking place in these cultures during 
these experiments, it was of interest to determine what role this continuing provision 
of new, susceptible cells might play in the growth of virus. The antimitotic properties 
of colchicine were utilized to halt cellular proliferation in the cultures and the subse- 
quent pattern of viral growth was observed (Fig. 3). 
Colchicine (0.1 mg./ml.), which suppressed completely the outgrowth of fibroblasts 
from chick embryo heart explants, but did not impair their contractility, had no ef- 
fect on viral growth during the first 8 days of contact with the infected cells. However, 456  PSITTACOSIS VIRUS GROWTH. IV 
later, after the colchicine was removed, a fall and then a recovery in viral growth were 
observed. This appears to indicate that colchicine had no direct effect on viral multi- 
plication, but by preventing host cell proliferation, it reduced the contin~g supply of 
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TABLE III 
Some Chemical Compounds Inhibitory for Growth of Psitlacosis Virus (6BC) 
Compound 
~odium malonate 
;odium monofluoroacetate 
2ontrol 
Conce2~- 
tration 
mIJ~. 
5.0 
1.0 
0.1 
0.0 
Before 
Virus titers" 
]ogue  losue 
3.0  1.9  2.5 
2.4  1.9  3.6 
I ..... 
3.0  3.5  4.4 
3.3  5.2  5.0 
After 
4.0 
4,2 
5.4 
5.1 
Tissue toxicity 
Contrac-  Growth§  tion~ 
+++  ~-÷+ 
"t-++  ++++ 
++÷  +++ 
* Virus titers expressed as logarithms. 
Contractility of heart  muscle  fragments expressed  as  degrees  of activity: O,  none; 
"Jr-Jc'-~-'~  t', very active. 
§ Growth of cells at periphery of heart muscle fragment: O, none; -b-F+-~, many cells. 
new susceptible cells so that the virus, by destroying the cells in which it grew, ex- 
hausted its cellular substrate. On the removal of the colchicine and subsequent re- 
sumption of cellular multiplication, viral growth began again (Fig. 3). This concept of 
the action of colchicine received additional support from other experiments in which HERBERT  R.  MORGAN  457 
tissue cultures with much larger quantifies of tissue were prepared. In these cultures, 
where there was a great abundance of susceptible cells as originally supplied without 
need for growth of the cells in culture, colch/cine (0.1 mg./ml.) had no observable ef- 
fect on viral proliferation. 
DISCUSSION 
To the previous data establishing factors related to the growth of psittacosis 
virus (6BC), such as folic and folinic acids (1) and various purines and pyrimi- 
dines (2, 3), all of which are related to nucleic acid synthesis, has been added 
this evidence suggesting that certain amino adds and vitamins are important 
for growth of this virus. 
The requirement for methionlne in the growth of psittacosis virus indicates a com- 
mon need with such viruses as vaccinia (6), influenza  (7), and Lansing poliomyelitis 
(8). The requirement for phenylalanine is shared with such agents as Theiler's GDVII 
mouse encephalomyelitis virus  (9),  vaccinia virus  (10),  and  Lansing poliomyelitis 
virus (8).  By way of contrast, 5-methyltryptophane (0.6 mg./ml.), which  has been 
reported to have little if any effect on Lansing poliomyelitis virus in tissue culture 
(8), inhibited the growth of psittacosis virus in these tissue culture experiments at a 
concentration of 0.1  mg./ml. It should  also be noted that other investigators have 
demonstrated that 6-methyltryptophane does suppress the multiplication of Lansing 
poliomyelitis virus in mice (11). 
Inhibition of viral growth by certain vitamin analogues,  such as salicyl~-alanide, 
oxythiamine, and 6,7-diethylriboflavin, suggests  that viral propagation depends on 
the metabolic systems of the cell which  are related to the functions of pantothenic 
acid,  thiamine and  riboflavin, e.g., coenzyme A,  cocarboxylase, etc.  Other experi- 
ments (12) have indicated that influenza and mumps viruses have somewhat similar 
relationships  to the function of thiamine.  Some specificity  in  the vitamin require- 
ments for viral reduplication may be indicated in the experiments with analogues of 
biotin and nicotinamide. Within the limits of the toxicity, effectiveness as metabolic 
antagonists and specificity of these analogues tested, biotin and nicotinamide did not 
appear to have any crucial roles in the multiplication of psittacosis virus. 
However, at best there are serious limitations to any interpretation of the results 
of these experiments with vitamin analogues because their inhibition of viral multipli- 
cation may not be primary and specific but only secondary to a more general suppres- 
sion of host cell activity resulting from some deleterious,  though not necessarily ob- 
vious, effect on the host cell. Whereas 6,7-diethylriboflavin inhibited growth of virus 
at a concentration of 0.01 mg./ml., it also suppressed host cell proliferation somewhat. 
Desoxypyridoxine at concentrations well tolerated by the host cell produced only a 
slight decrease in viral multiplication. Although oxythiamine did not interfere with 
host  cell  growth  at 0.1  mg./ml., which  produced  a  significant  inhibition  of virus 
growth, it did seriously  suppress the contractile capacity of the heart muscle cells, 
indicating a toxic effect. Thus, with all the vitamin analogues studied, with the ex- 
ception of salicyl-/3-alanide, there were manifestations of toxic effects on the host cell 
when concentrations producing inhibition of viral growth were employed. This situa- 
tion might be anticipated, since the vitamins are essential to metabolic functions of a 458  PSITTACOSIS  VIRUS  GROWTH.  IV 
basic nature in cellular metabolism, and therefore to survival and growth, and since 
viruses, as intraceUular parasites lacking in independent metabolism, must necessarily 
associate themselves intimately with the metabolic processes of the host cell. However, 
it should be noted that at the concentrations  tolerated by the host cells not all the 
vitamin analogues studied had the same effect on viral multiplication, indicating some 
specificity of action on viral growth. 
The importance of the cellular energy-producing systems for viral proliferation was 
further indicated  by the inhibition  of viral growth by sodium malonate, which in- 
hibits the respiration of the cell by competitive inhibition of succinic dehydrogenase. 
It appeared, however, that with the passage of time the virus could escape from this 
inhibitory action, indicating  either that some other energy-producing mechanism of 
the cell later proved sufficient or that the cell became refractory to the blocking action 
of the sodium malonate on the Krebs cycle. Growth of influenza (13) and vaccinia 
(6) viruses is also suppressed by sodium malonate, but multiplication of feline pneu- 
monitis virus (14) in yolk sac fragments in ~itro is not inhibited by malonate. 
Failure of sodium monofluoroacetate to suppress growth of psittacosis  virus is of 
particular interest, since this compound is a powerful metabolic inhibitor which inter- 
feres with the oxidation of citrate. It has been reported  to retard the growth of in- 
fluenza A virus (PRS) in mice (15), though the work of other investigators indicated 
that it only exerted some delaying action on viral multiplication  (16). In tissue cul- 
ture, sodium monofluoroacetate did not suppress the growth of Lansing poliomyelitis 
virus (8) or feline pneumonitis virus (14). 
The  experimental  data  reported  here  and  the  recorded  observations  on 
viral growth inhibition made in a  variety of virus-host cell systems indicate 
the complexity of the problem of assessing the relative importance of a variety 
of metabolic functions of the host cell  for viral growth and the hazards of 
generalizing from specific  data. It is apparent that any metabolic antagonist 
may inhibit the growth of one virus and not another under the experimental 
conditions in which it is tested. While it is recognized that differences in experi- 
mental conditions are important, it appears likely that different viruses may 
vary in their response to the same metabolite analogue in manner or degree. 
In fact, differences in response have already been shown to exist among such 
animal viruses as those of influenza and mumps in comparable studies of the 
intracellular viral growth inhibition by a  polysaccharide (17).  There is even 
variation among strains of psittacosis virus in their susceptibility to inhibition 
by sulfonamides (18). Thus, a certain degree of specificity of the growth process 
may be suggested for different viruses. 
The experiments using colchicine point up an important problem in assessing 
the mechanism of the effect of any substance on viral proliferation. Since any 
interference with normal cellular proliferation in a  tissue culture will reduce 
viral growth by reducing the population of susceptible cells,  which are  the 
substrate for viral synthesis, the action of any compound on host cell  mul- 
tiplication must be evaluated as has been done in the toxicity tests carried 
out in these investigations. During the growth of a virus with cytopathogenic HERBERT  R. MORGAN  459 
properties in an actively proliferating tissue culture, prolonged viral prolifera- 
tion is possible only if the cells continue to multiply to replenish the supply 
of susceptible ceils. Interference with this host cell multiplication will eventually 
result in a decreased growth of virus as cells are destroyed. 
Mere resumption of viral growth on removal of the inhibitor from the tissue 
culture fluids is not sufficient evidence of a lack of serious toxic effects on host 
cells, since these cells also begin to multiply again and provide new viral sub- 
strate when an antimitotic inhibitor with reversible action, such as colchicine, 
is involved. 
This problem of assessing  the possible toxic action on the host cells of a 
metabolic  antagonist  that  inhibits  viral  growth  in  tissue  culture  has  been 
adequately considered in but a few published investigations of this type. If the 
host cell suffers serious consequences,  temporary or permanent,  as a result of 
exposure to the analogue, it becomes difficult to ascribe any degree of specificity 
to the action of the antimetabolite on viral synthesis, since presumably maximal 
viral growth will occur usually only in relatively intact cells.  This question of 
host cell toxicity requires further evaluation before the experimental observa- 
tions with vitamin  analogues reported here and  much of the published work 
of similar  nature  can be interpreted  with assurance  to indicate  that  one or 
more host celt enzyme systems have been discovered which are more crucial 
for viral  synthesis  than  for continued  functioning  and  survival  of the host 
cell. 
SUMMARY 
The analogues of amino acids,  ~-2-thienylalanine,  ethionine,  and 6-methyl- 
tryptophane, inhibited the growth of psittacosis virus (6BC) in tissue culture 
without evidence of serious toxicity for the host cells. 
Of a  number  of vitamin  analogues  tested,  only salicyl-/3-alanlde  inhibited 
viral multiplication in the absence of toxic effects on the host cells. 6,7-Diethyl- 
riboflavin,  desoxypyridoxine, and  oxythiamine  reduced viral  growth in con- 
eentrations that possessed some toxicity for host tissue. In tolerated amounts, 
3-acetylpyridine, pyridine-3-suifonic  acid,  pantoyl sulfanilamide,  and desthio- 
biotin did not effect viral multiplication. 
Sodium malonate inhibited psittacosis virus growth in non-toxic amounts, 
whereas sodium monofluoroacetate was ineffective. 
Colchicine  suppressed multiplication of virus only after a prolonged period 
of exposure and subsequent delay before producing inhibition,  suggesting that 
the effect was secondary to its antimitotic action which suppressed multiplica- 
tion of the host cells. 
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